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BACKGROUND: Bisphenol S (BPS) is an endocrine-disrupting chemical and the second most abundant bisphenol detected in humans. In vivo BPS ex-
posure leads to reduced binucleate cell number in the ovine placenta. Binucleate cells form by cellular fusion, similar to the human placental syncytio-
trophoblast layer. Given that human placental syncytialization can be stimulated through epidermal growth factor (EGF), we hypothesized that BPS
would reduce human cytotrophoblast syncytialization through disruption of EGF receptor (EGFR) signaling.

OBJECTIVE:We tested whether BPS interferes EGFR signaling and disrupts human cytotrophoblast syncytialization.
METHODS: We first tested BPS competition for EGFR using an EGF/EGFR AlphaLISA assay. Using human primary term cytotrophoblast cells
(hCTBs) and MDA-MD-231 cells, a breast cancer cell line with high EGFR expression, we evaluated EGFR downstream signaling and tested whether
BPS could inhibit the EGF response by blocking EGFR activation. We also evaluated functional end points of EGFR signaling, including EGF endo-
cytosis, cell proliferation, and syncytialization.

RESULTS: BPS blocked EGF binding in a dose-dependent manner and reduced EGF-mediated phosphorylated EGFR in both cell types. We further
confirmed that BPS acted as an EGFR antagonist as shown by a reduction in EGF internalization in both hCTBs and MDA-MD-231 cells. Finally,
we demonstrated that BPS interfered with EGF-mediated cell processes, such as cell proliferation in MDA-MD-231 cells and syncytialization in
hCTBs. EGF-mediated, but not spontaneous, hCTB syncytialization was fully blocked by BPS (200 ng=mL), a dose within urinary BPS concentra-
tions detected in humans.
CONCLUSIONS: Given the role of EGFR in trophoblast proliferation and differentiation during placental development, this study suggests that expo-
sures to BPS at environmentally relevant concentrations may result in placenta dysfunction, affecting fetal growth and development. https://doi.org/
10.1289/EHP7297

Introduction
A variety of structurally diverse compounds classified as endocrine-
disrupting chemicals (EDCs) have been reported to affect the endo-
crine system through direct receptor binding or through alternative
pathways that can inhibit or stimulate the production or modulate the
activity of hormones (Diamanti-Kandarakis et al. 2009). Used in the
production of plastics and the manufacturing of consumer products,
bisphenols are high-production volume chemicals (U.S. EPA 2016)
and among the most prevalent EDCs worldwide (Gore et al. 2015).
After bisphenol A (BPA), bisphenol S (4,40-sulfonyldiphenol; BPS)
is the second most abundant bisphenol congener detected in humans,
being found in over 80% of human urine samples from the United
States, China, Japan, and Vietnam (Liao et al. 2012a). BPS can be
found in foodstuffs (Liao and Kannan 2013), indoor dust (Liao et al.
2012b), sewage sludge (Yu et al. 2015), thermal receipt paper (Rocha
et al. 2015), groundwater (Yamazaki et al. 2015), and sediments from
industrialized areas (Liao et al. 2012c). Notably, BPS is being used as
a replacement forBPA in thermal papermanufacturing (ECHA2020).

Previous studies have demonstrated that even at low exposure
doses, BPS can alter neurodevelopment (Kinch et al. 2015) and
the reproductive endocrine system (Qiu et al. 2016) in fish. In
mice, BPS has increased estrogen-responsive gene expression in
the ovary and uterus, interfering in the development of the repro-
ductive tract (Hill et al. 2017). In sheep, gestational exposure to
BPS, but not BPA, reduced maternal circulating pregnancy-
associated glycoproteins due to a reduction in the number of binu-
cleate cells, which are analogous to syncytialized human cytotro-
phoblasts (hCTBs) in the placenta (Gingrich et al. 2018). These
placentas also had ∼ 50% lower e-cadherin protein expression and
reduced expression of genes involved in trophoblast cell fusion
[envelop Jaagsiekte sheep retrovirus (enJSRV) and hyaluronoglu-
cosaminidase 2 (HYAL2)] leading to binucleate cell formation
(Gingrich et al. 2018). Altogether, these findings point to a com-
promise in hormone and glycoprotein placental production stem-
ming from a loss in binucleated cells. However, the mechanism
underlying BPS-induced placental dysfunction remains unknown.

The placenta is the interface between the fetus and the mother,
plays a key role in fetal growth by regulating hormone synthesis
and nutrient transport (Fowden andMoore 2012), and is composed
of multiple cell types, including macrophages, cytotrophoblasts,
stromal cells, and endometrial cells (Wong and Cox 2017). In
humans, as placental development progresses, cytotrophoblasts
differentiate into two distinct cell populations: a) extravillous cyto-
trophoblasts, which proliferate and invade the uterine wall and are
important for remodeling the endometrial vasculature; and b) syn-
cytiotrophoblasts (STBs), which arise as a result of cytotrophoblast
fusion and are responsible for the endocrine function of the pla-
centa by secreting hormones, including progesterone, chorionic
gonadotropin, and placental lactogen (Malassiné and Cronier
2002). Epidermal growth factor (EGF) is required for proper con-
trol of cytotrophoblast growth and differentiation into STBs
(Dackor et al. 2007; Filla and Kaul 1997). It has been hypothesized
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that EGF exerts a gestational age-dependent action on the placenta,
by stimulating cytotrophoblast proliferation in early pregnancy
(4–5 wk) and stimulating differentiation into STBs later in preg-
nancy (Maruo et al. 1992; Seravalli et al. 2020). Consistent with
the importance of EGF receptor (EGFR) signaling during placental
development, EGFR has the highest expression in the human pla-
centa compared with all non-tumorigenic (Uhlén et al. 2015).
Importantly, altered EGFR expression is associated with placental
pathologies, such as intrauterine growth restriction, preeclampsia,
and placenta accreta (Faxén et al. 1998; Tseng et al. 2004).

The syncytialization process that occurs in the human pla-
centa can be reproduced in vitro by using purified cytotropho-
blasts (Fujii et al. 2017), which aggregate and spontaneously fuse
to form STBs. This cellular fusion process can be enhanced by
EGF exposure (Kliman et al. 1986). Given that BPS reduces
binucleate cell number in the ovine epitheliochorial placenta
(Gingrich et al. 2018), that binucleate trophoblast cells form in a
similar process to that of human STBs, and that human placental
syncytialization can be induced through EGF/EGFR stimulation,
we hypothesized that BPS interferes with hCTB syncytialization
through disruption of EGFR signaling. To test whether BPS can
impair cytotrophoblast syncytialization in the human hemocho-
rial placenta through EGFR antagonism, we used a combination
of approaches, including a competitive binding assay, gene and
protein expression, and EGF endocytosis assays in cells with
high EGFR expression, including primary hCTBs.

Methods

Exposure Chemicals
Chemicals used in this study were BPS (4,4-sulfonyldiphenol;
Cat. No. 80-09-11; AcrosOrganics) and dimethylsulfoxide 114
(DMSO; Cat. No.BP231-100; ThermoFisher). The following
forms of EGF were used: human EGF (Cat. No. E9644; Sigma-
Aldrich) and AlexaFluor647-conjugated EGF (biotinylated EGF
complexed to Alexa Fluor 647 streptavidin; Cat. No. E13345;
ThermoScientific).

EGF/EGFR Competitive Binding Assay
To evaluate the capacity of BPS to block EGFR, an AlphaLISA
EGF/EGFR binding kit (Cat. No. AL366HV; PerkinElmer) was
used per the manufacturer’s recommendation. In brief, anti-
human IgG Fc-specific AlphaLISA acceptor beads and EGFR-Fc
were mixed, incubated, and added to each well containing
0.0001, 0.001, 0.01, 0.1, 1.0, or 10 lg=mL (or 0.0004, 0.0039,
0.039, 0.399, 3.99, and 39:95 lM of BPS, respectively) with bio-
tinylated EGF (n=5). The antibodies anti-EGF (Cat. No.
MAB236; R&D Systems) and cetuximab (anti-EGFR; Cat. No.
A2000; Selleck Chemicals LLC) at a dose of 0:1 lg=mL were
used as negative controls. Streptavidin-coated donor beads were
then added to each well for quantification. The binding signal in
alpha units from each well was measured at 615 nm using the
AlphaLISA mode on a microplate fluorometer (Synergy Neo;
BioTek). The half-maximal effective concentration (EC50) was
calculated using GraphPad Prism 8 (GraphPad Software, Inc.).

hCTB Cell Isolation, Purification, and Syncytialization
Healthy placentas derived from elective C-section term pregnan-
cies (n=6) were collected after written informed consent [institu-
tional review board (IRB) approval of Sparrow Health System and
Michigan State University (IRB No. 15-484M)]. hCTB cells were
then isolated as previously described (Petroff et al. 2006). Subjects
were enrolled considering the following exclusion criteria: fetal
developmental abnormalities, multiple pregnancies, maternal

diagnosis of human immunodeficiency virus, hepatitis B or C, pol-
ycystic ovary syndrome, or congenital adrenal hyperplasia.
Placental tissue was first rinsed with 0.9% sodium chloride and
then transferred to a 150-mm petri dish. After gently mincing with
scissors, the villous tissue was dissociated with an enzyme diges-
tion solution [25mM (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid) HEPES, 2.5% trypsin, and ∼ 300KunitzU=mL DNase
(Cat. No. 15090-046; Gibco) in Hank’s balanced salt solution].
The resulting cell suspension was then collected, layered on fetal
bovine serum (FBS; Cat. No. 35-010-CV; Corning), and centri-
fuged. The cell pellet was resuspended in Iscove’s modified
Dulbecco’s medium (IMD; Cat. No. I3390; MilliporeSigma). Cell
suspensions were filtered through a 100-lm nylon cell strainer,
followed by a Percoll gradient centrifugation. The visible cell
band between 30–50% Percoll was collected and resuspended in
IMD medium supplemented with 10% FBS. To confirm cytotro-
phoblast cell characterization, the same method described in the
immunocytochemistry section was performed using cytokeratin-7
(anti-cytokeratin 7; Cat. No. AB150116; Abcam) followed by goat
anti-mouse Alexa Fluor 594 secondary antibody (Cat. No. A11001;
Thermo Scientific) (Figure S1A). Thismethod yielded ∼ 98% cyto-
trophoblast cell purity when using an antibody against cytokeratin-
7, through flow cytometry (Figure S1B), as previously described by
Pötgens et al. (2001), hCTBs were targeted with a direct method
using an Alexa Fluor 488-conjugated anti-CKT7 antibody
(recombinant Alexa Fluor 488 anti-cytokeratin 7; Cat. No.
AB185048; Abcam). Fluorescence was measured in channel FL1
and plotted in histograms. IgG control primary antibodies that lack
specificity to the target were used as negative controls. Percentages
of positive cells were corrected for control values. After isolation,
cells were then stored in liquid nitrogen until needed. Each of the six
hCTB primary cell cultures were seeded into a 24-well culture dish
at a density of 1 × 106 cells/well. hCTBs were cultured overnight to
allow cell attachment and then washed the following day with IMD
medium to remove unattached cells. Each one of the six primary cell
cultures were then exposed to four different culture conditions: a)
vehicle, b) BPS (200 ng=mL), c) EGF (5 ng=mL), and d)
BPS+EGF. EGF supplementation was used to enhance syncytiali-
zation, as previously described (Holets et al. 2009). DMSO was
used as the vehicle group and added to a final concentration of 0.1%
in all exposure groups. Exposure medium was replaced every 48 h
for 96 h to evaluate syncytialization.

Cell Viability
Cell viability was determined using a thiazolyl blue tetrazolium
bromide [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT)] assay as previously described (Pu et al. 2019). hCTB
cells were seeded into 96-well plates (100,000 cells/well) and cul-
tured overnight in IMD medium to allow cell attachment. Cells
were washed the following day to remove unattached cells and
treated for 96 h with a range of BPS concentrations (0, 10, 100,
1,000, and 10,000 ng=mL) and as well in a combination of
1,000 ng=mL of BPSwith 10 ng=mL of EGF or EGF alone (n=5).
Thereafter, the medium was replaced with 100 lL of phenol red-
free MTT working solution (50 lg=mL) and incubated for 4 h.
The MTT working solution was discarded and 100 lL of DMSO
added into each well. Plates were vortexed for 10min at room tem-
perature and cell viability determined by absorbance quantification
at 570 nm using a microplate reader (SpectraMax M5e; Molecular
Devices LLC).

Immunocytochemistry
Following hCTB syncytialization (96 h), cells were fixed using a
1:1 methanol:acetone solution at −20�C for 20 min, followed by
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three tris-buffered saline (TBS) washes, and subjected to immu-
nocytochemical staining. Fixed cells were blocked with 5% bo-
vine serum albumin in TBS containing 0.03% Tween-20 (TBS-T;
blocking buffer). Anti-desmoplakin primary antibody (Cat. No.
AB16434; Abcam) was diluted at a concentration of 1:200 in
blocking buffer, and the cells were exposed overnight at 4°C.
Thereafter, cells were incubated for 1 h at room temperature in
goat anti-mouse Alexa Fluor 488 secondary antibody (Cat. No.
A11001; Thermo Scientific) at a concentration of 1:1,000 diluted
in blocking buffer. Cells were then stained with 40,6-diamidino-
2-phenylindole (DAPI; 1:1,000) to identify the nuclei. Negative
control groups are presented in Figure S1C. All exposure groups
were imaged using an Olympus BX41 microscope (Olympus)
with an Olympus DP71 camera or a Leica DMLB microscope
(Leica) with a Leica DFC480 camera. Ten random images per
well were captured at 20× magnification for quantification of
syncytia. A syncytia was defined as a cluster of three or more
nuclei per continuous desmoplakin-stained border. An average
[ ± standard deviation ðSDÞ] of 962± 41 nuclei was counted per
treatment. The number of syncytia per image were quantified and
normalized to the total number of nuclei to determine proportion
of syncytialized cells and normalized to the spontaneous vehicle
control group for each primary cell line tested.

MDA-MD-231 Cell Culture and Proliferation
We further tested the ability of BPS to interfere with EGFR using
MDA-MD-231 human breast cancer cells (Cat. No. 92020424;
Sigma-Aldrich).MDA-MD-231 cells are triple-negative breast can-
cer cells (i.e., they lack estrogen, progesterone, and receptor tyro-
sine-protein kinase erbB-2), have high EGFR expression, and
proliferate in response to EGF. This makes them highly suitable for
mechanistic studies (Yu et al. 2018; Kang et al. 2018). MDA-MD-
231 cells weremaintained in Dulbecco’s modified Eagle’s medium/
F12medium (Cat. No. 124000-024;MilliporeSigma) supplemented
with 10% FBS, 2mM L-glutamine, 10mM HEPES, 100 IU=mL
penicillin, and 100 lg=mL streptomycin. Cells were cultured in 5%
carbon dioxide CO2 at 37°C. MDA-MD-231 cell proliferation was
determined using a 5-ethynyl-20-deoxyuridine (EdU) cell prolifera-
tion assay kit (EdU-488; Cat. No.17-10525; Millipore, Sigma-
Aldrich), as previously described (Jing et al. 2019). In brief, MDA-
MD-231 cells were cultured in growth medium in a 24-well plate
and at 20% of confluence, exposed in triplicate to four different cul-
ture conditions: vehicle, BPS (1,000 ng=mL), EGF (10 ng=mL),
and BPS+EGF (1,000 ng=ml BPS + 10 ng=ml EGF). DMSOwas
used as the vehicle group and added to a final concentration of 0.1%
in all exposure groups. After 72 h, the medium was replaced with
10mM EdU solution in growth medium for 3 h at 37°C and 5%
CO2. Cells were then fixed and stained with DAPI (1:1,000).
Twelve non-overlapping images were captured from each well
using a fluorescence microscope (Lioheart FX; Biotek). The per-
centage of proliferating cells was defined as the percentage of EdU-
positive nuclei to total DAPI-stained nuclei.

EGF Endocytosis Assay
EGF internalization was evaluated in MDA-MD-231 and hCTBs
using a modified EGF endocytosis assay (Hardesty et al. 2018).
Cells were seeded in 12-well plates, and after they reached 80% of
confluency, the cells were serum starved overnight and pretreated
with BPS (1 or 10 lg=mL) in 0.1% of DMSO for 5 min, followed
by a 5 min co-exposure with BPS (1 and 10 lg=mL) and Alexa
Fluor 647-conjugated EGF (100 ng=mL, biotinylated EGF com-
plexed to Alexa Fluor 647 streptavidin). The positive control group
was exposed to 0.1% of DMSO and each treatment was run in trip-
licate. Negative controls were treated with 100 ng=mL unlabeled

recombinant human EGF. The cells were then washed with pre-
warmed phosphate-buffered saline and incubated at 37°C in
serum-free IMD medium for 60 min. The cells were next fixed
using a 1:1 methanol:acetone solution at −20�C for 20 min, fol-
lowed by three TBS washes, and immunostained overnight for
phosphorylated EGFR (p-EGFR) using the primary antibody
antiphospho-EGFR (Cat. No. 3777; Cell Signaling). Thereafter,
the cells were incubated for 1 h at room temperature in goat anti-
mouse Alexa Fluor 488 secondary antibody (Cat. No. A11001;
Thermo Scientific) at a concentration of 1:1,000 diluted in block-
ing buffer. Cell nuclei were stained with Hoechst 33342
(10 lg=mL; Cat. No. 94403; Sigma-Aldrich). For quantification of
EGF endocytosis and p-EGFR, three random images (40× magni-
fication) per well for a total of three wells per treatment groupwere
obtained using an Olympus BX41 fluorescence microscope and
Olympus DP71 camera. Filter sets for 350, 488, and 647 nm were
used for detection of Hoechst, p-EGFR, and Alexa Fluor 647-con-
jugated EGF, respectively. Cells (mean±SD: 1,800± 152 per
group) from randomized fields from each group were analyzed
using the CellProfiler software (McQuin et al. 2018). Total labeled
EGFwas normalized to the number of nuclei. For additional details
on chemical sources, see the section “Exposure Chemicals.”

Western Blotting
MDA-MD-231 cells were cultured in growth medium in a 6-well
plate and exposed in triplicate to four different culture conditions:
vehicle, BPS (1,000 ng=mL), EGF (10 ng=mL), and BPS+EGF
(1,000 ng=ml BPS + 10ng=ml EGF). DMSO was used as the ve-
hicle group and added to a final concentration of 0.1% in all ex-
posure groups. Cell were exposed for 15 min to enable evaluation
of phosphorylated EGFR. After exposure, cells were harvested
and protein extraction was performed using radioimmunoprecipi-
tation assay lysis buffer (Cat. No. N653; VWR Life Science) con-
taining 20% 1 M sodium fluoride, 1mM sodium orthovanadate,
and 1% protease inhibitor cocktail (Cat. No. M221; VWR Life
Science). Protein concentration was determined using a Pierce
bicinchoninic acid protein assay kit (Cat. No. 23225; Thermo
Fisher). Twenty micrograms of protein per sample from cell
lysates were subjected to electrophoresis on a 10% sodium do-
decyl sulfate-polyacrylamide gel (120 V for 60 min). Protein was
then transferred from the gel onto a nitrocellulose membrane
(200 mA for 90 min) and subjected to western blotting. In brief,
membranes were blocked with 5% nonfat dry milk in TBS con-
taining 0.03% TBS-T and incubated with primary antibodies
diluted in block overnight at 4°C. Primary antibodies used were
anti-EGFR, anti-extracellular signal-regulated kinase (anti-ERK;
Cat. Nos. AB32077 and AB17942, respectively; Abcam),
anti-b-actin (Cat. No. A1978; MilliporeSigma), anti-protein ki-
nase B (anti-AKT), antiphospho-Akt (Tyr 204), antiphospho-
EGFR (Tyr 1068), and anti-phospho-p44/42 mitogen-activated
protein kinase (MAPK; Thr202/Tyr204) (Cat. Nos. 9272S,
9271S, 3777S, and 4370S, respectively; Cell Signaling). After
three TBS-T washes, membranes were incubated with horserad-
ish peroxidase (HRP)-conjugated secondary antibodies goat anti-
mouse HRP-conjugated and goat anti-rabbit HRP-conjugated
(Cat. Nos. 115-005-003 and 111-005-003, respectively; Jackson
Immunoresearch) diluted 1:5,000 in block for 1 h at room
temperature in the dark. Western Bright ECL (Enhanced
Chemiluminescence) (Cat. No. K12045; Advansta) was used for
enhanced chemiluminescence and visualized on a Thermo
Scientific MYECL Imager (Thermo Scientific). Quantification of
band intensities was performed using ImageJ software (Schneider
et al. 2012). Differences in protein loading were accounted for by
normalizing the target protein band by the control b-actin band
for each sample.
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Gene Expression
MDA-MD-231 cells were cultured in growth medium in a 12-well
plate and exposed in triplicate to vehicle (0.1% DMSO), BPS
(1,000 ng=mL), EGF (10 ng=mL), and BPS+EGF. After 3 h, cells
were harvested and total RNA was extracted using an RNeasy
Mini kit (Qiagen) following the manufacturer’s protocol. RNA
quality and concentration were measured by Nanodrop (Thermo
Fisher Scientific). A total of 1 lg RNA (A260/A280: 2:0±0:05,
RNA concentration: 150± 50 ng=lL) was reverse transcribed into
complementary DNA (cDNA) using a high-capacity cDNA
reverse transcription kit (Promega) in 20 lL reaction volumes.
Quantitative real-time polymerase chain reaction (qRT-PCR;
QuantStudio 5; Thermo Fisher Scientific) was performed to quan-
tify expression of genes responsive to EGFR: cyclin D1 (CCND1),
prostaglandin–endoperoxide synthase (PTGS2), and MYC proto-
oncogene (MYC). Primer sequences used for the SYBR green real-
time qRT-PCR are shown in Table S1. Expression levels for indi-
cated genes were calculated using the DDCT method, normalized
against glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and
presented as relative fold-change to that of the control. All experi-
ments and qRT-PCR assayswere run in triplicate. The cDNAampli-
fication reaction (50 ng) consisted of template denaturation and
polymerase activation at 95°C for 30 s, followed by 40 cycles of
denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and exten-
sion at 72°C for 30 s. Melt curve analyses were performed for all
genes, and the specificity and integrity of the PCR products were
confirmed by the presence of a single peakmelt curve.

Statistical Analysis
Quantitative data comprising the proportion of syncytia, protein
and RNA abundance, and fluorescent signal were compared
between groups by using a generalized linear model (MIXED
procedure) that allows adjustment of means considering the time
effect. The model used included treatment groups and time as
fixed effects. Data were tested for normality by the Anderson-
Darling normality test. LSMEANS were used to adjust the means
and to compare treatments. Significance was set at p<0:05. All
data were analyzed using SAS (version 9.4; SAS Institute Inc.).

Results

BPS/EGFR Competitive Binding Assay
To investigate whether the ability of BPS to block EGFR phos-
phorylation is via interference with natural ligand binding, a com-
petitive EGFR binding assay was performed (Figure 1). The
alpha signal was significantly lower when biotinylated EGF was
co-exposed with anti-EGF or anti-EGFR (cetuximab) antibodies
(p<0:05). BPS significantly blocked the tagged EGF binding in
a dose-dependent manner, reducing the alpha signal by 15%,
46%, and 54% for doses of 0.1, 1, and 10 lg=mL of BPS, respec-
tively (p<0:05). The calculated EC50 for BPS competitive bind-
ing was 0:2 lg=mL. The DMSO vehicle control group did not
alter the alpha signal.

BPS Effects on EGFR Phosphorylation
To evaluate whether BPS can block EGFR phosphorylation, we
used the MDA-MD-231 breast cancer cell line. Exposure of
MDA-MD-231 cells to EGF for 15 min led to >110-fold up-
regulation of p-EGFR compared with the control group
(p=0:004, Figure 2) when normalized to total EGFR expression,
with no effect when cells were exposed to BPS alone. EGF-
stimulated p-EGFR was 41.3-fold lower when co-exposed to
EGF+BPS (p=0:006). EGF up-regulated p-AKT by 9.5-fold
when normalized to total AKT expression (p<0:001). However,

the EGF-induced up-regulation of p-AKT was not attenuated
when MDA-MD-231 cells were co-exposed with EGF+BPS
(p=0:66). To further confirm the ability of BPS to block p-
EGFR, we assessed the level of EGFR phosphorylation through
immunocytochemistry in hCTB cells co-exposed to EGF+BPS
(Figure 3). The phosphorylation level of EGFR was lower when
cells where exposed to EGF+BPS vs. EGF alone (p=0:006).

BPS Effects on EGF Internalization
To further confirm that BPS acts as a competitive antagonist, we
demonstrated its ability to displace bound fluorescent EGF from
the EGFR binding site through a competitive EGF internalization
assay. hCTB cells displayed less internalization of Alexa Fluor
647-tagged EGF, in a dose-dependent manner, after exposure to
1 or 10 lg=mL of BPS (Figure 4). When co-exposed with BPS,
Alexa Fluor 647-tagged EGF internalization in hCTB cells was
21% (p=0:02)and 43% (p<0:01) lower at 1 and 10 lg=mL of
BPS doses, respectively. In MDA-MD-231 cells the Alexa Fluor
647-tagged EGF internalization was 26% lower when cells were
co-exposed to 10 lg=mL of BPS (p=0:02; Figure 5).

BPS Effects on hCTB Syncytialization in Vitro
To test whether BPS can affect cytotrophoblast syncytialization,
hCTB cells were exposed to 200 ng=mL of BPS for 96 h in the
presence or absence of recombinant human EGF. The percentage
of syncytia in the BPS-exposed group did not differ from that of
the control group (Figure 6). However, BPS blocked EGF-
mediated syncytialization (p<0:05) to the level of the vehicle
group. None of the BPS or EGF doses used in the study affected
hCTB viability (Figure S2).

BPS Effects on EGF-Responsive Genes
To determine the expression of EGF-responsive genes over time,
MDA-MD-231 cells were exposed to EGF for 1, 3, 6, and 9 h,
and mRNA production of three relevant genes were evaluated.
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Figure 1. EGFR competitive binding assay. Binding signal (mean± SEM) in
alpha units (a.u.) after exposure to BPS at a range of doses from 0.0001 to
10 lg=mL. Both positive controls, cetuximab (CET) and anti-EGF antibody,
were used at 0:1 lg=mL (n=5 replicates/group). A generalized linear model
was used to compare treatments. Different letters denote statistical differen-
ces among treatment groups at p<0:05. Note: BPS, bisphenol S; CET,
cetuximab; EGF, epidermal growth factor; EGFR, EGF receptor; SEM,
standard error of the mean.
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The maximum response was observed at 1 h to PTGS2 and at 3 h
post exposure to CCND1 and MYC (Figure 7A). Therefore, BPS-
dependent inhibition of EGF-mediated gene expression was
tested after 3 h in the presence or absence of recombinant human
EGF. Gene expression of MYC was similar to the control when
the cells were co-exposed to EGF+BPS but lower than the EGF
group (p<0:05; Figure 7B). No differences were detected in the
mRNA expression of CCND1 and PTGS2 exposed to BPS.

BPS Effects on Cell Proliferation
To test whether BPS can affect MDA-MD-231 cells proliferation,
cells were exposed to BPS in the presence or absence of recombi-
nant human EGF. The proportion of proliferative cells was not
significantly different between BPS- and vehicle-exposed cells

(Figure 8). However, BPS blocked EGF-induced proliferation
(by ∼ 6%; p<0:05) to the level of the vehicle and BPS groups.

Discussion
In the present study, we have shown that BPS, an emerging
bisphenol chemical, blocked EGF-mediated cell fusion in pri-
mary hCTB cells at the dose of 200 ng=mL of BPS. In support of
this, our data showed that BPS a) competitively bound to EGFR;
b) reduced EGFR phosphorylation; and c) reduced EGF internal-
ization in hCTB cells. The interference of BPS with EGF-
mediated signaling was further demonstrated in MDA-MD-231
cells, a breast adenocarcinoma cell line responsive to EGF. BPS
also a) prevented EGF-mediated EGFR/ERK signaling through
inhibition of EGFR phosphorylation; b) reduced EGF internaliza-
tion; c) reduced EGF-mediated MYC expression, a transcription
factor involved in the regulation of proliferation, mitogenesis,
differentiation, and programmed cell death (Hanson et al. 1994);
and d) dampened EGF-mediated cell proliferation in MDA-MD-
231 cells. Overall, these findings indicate that BPS has the poten-
tial to disrupt EGF-mediated functions in the placenta (see the
proposed working model in Figure 9).

Using an EGF competitive binding assay, our findings suggest
that BPS acts as an antagonist by competingwith EGF for the EGFR
binding site. Thisfinding suggests that BPS interacts with the EGFR
extracellular domain, which contains four subdomains (I, II, III, and
IV). Importantly, only subdomains I and III are involved in EGF
binding (Ogiso et al. 2002). Because BPS competes with EGF for
EGFR binding, we further hypothesized that the binding site for
BPS should overlap, at least partially, with the natural ligand bind-
ing site on subdomains I and/or III. BPS binding to these subdo-
mains is also consistent with the ability of BPS to inhibit EGFR
downstream signaling, as shown by EGFR phosphorylation and
MYC expression. EGFR is a cell surface receptor that presents in ei-
ther an inactive or active conformation. When inactive, subdomains
II and IV are tethered, and subdomains I and III are positioned too
far apart for EGF to bind simultaneously to both subdomains. In the
active conformation, subdomain I becomes available for ligand co-
binding with subdomain III, causing the activation of EGFR’s
intrinsic protein tyrosine kinase activity and autophosphorylation
(Ferguson 2004). Given that binding to both subdomains results in
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stimulation of EGFR activity (Mi et al. 2011) and exposure to BPS
results in lower levels of EGFR phosphorylation and EGF internal-
ization, BPS likely binds EGFR in just one subdomain. Other
EDCs, such as polychlorinated biphenyl congener-126 (PCB-126)
and PCB-153 have been reported to be EGFR antagonists (Hardesty
et al. 2018). These PCBs were predicted to bind EGFR in a
congener-specific manner, with PCB-126 predicted to bind within a
hydrophobic pocket of subdomain III and PCB-153 predicted to
bind within a hydrophobic pocket between subdomains II and IV.
To our knowledge, there are no studies investigating whether these
chemicals interfere with EGFR-mediated trophoblast fusion. Future
in silico studies will be necessary to determine the specific EGFR
binding site of BPS.

The competitive antagonism of BPS to EGFR was further
supported by its ability to reduce EGFR phosphorylation in a
breast adenocarcinoma cells and in primary isolated hCTBs. In
addition, lower EGFR expression was observed when cells were
exposed to EGF. This was possibly due a rapid receptor protein
degradation after phosphorylation. However, degradation of

EGFR was not evident by BPS when co-exposed to EGF+BPS.
This could be due the lower level of phosphorylated EGFR or
reduced EGFR degradation in the presence of BPS. Similar to
BPS, other chemicals like chlordane, trans-nonachlor, PCBs, and
atrazine can also block EGFR phosphorylation in HepG2 cells
(Hardesty et al. 2018). However, their direct effect on placental
syncytialization has not been demonstrated. Interestingly, dimin-
ished placental EGFR phosphorylation has been observed in
women exposed to higher levels of PCBs (Hardesty et al. 2017),
positively correlated with lower birth weights (Lucier et al.
1987), and known to be associated with placental dysfunction
(Naeye 1987). The ability of BPS to block EGFR phosphoryla-
tion can also result in decreased signaling for multiple cellular
pathways activated by EGFR important to syncytialization in
trophoblast cells including MAPK and janus kinase/signal trans-
ducer and activator of transcription (Gupta et al. 2016).

Our experimental design allowed us to track the magnitude of
the EGFR signal inhibition. EGFR has four sequential and highly
regulated steps for activation: a) EGF binding to an inactive
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Figure 5. Effect of BPS on EGF internalization in MDA-MD-231 cells. (A–D) Representative images of EGF in MDA-MD-231 cells, (E-H) their respective
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EGFR monomer generating an active monomer; b) homo- or het-
erodimerization of ligand-bound monomers; c) autophosphoryla-
tion of the tyrosine kinase domain; and d) endocytosis and
internalization of EGF-bound EGFRs (Citri and Yarden 2006).
We have demonstrated that exposure to BPS results in lower
EGF internalization in MDA-MD-231 cells and in primary iso-
lated hCTBs, reinforcing the premise that BPS acts as an EGFR
antagonist and competes with EGF for EGFR binding.
Importantly, the magnitude of this effect was greater in hCTB
cells. Given that resistance to EGFR inhibitors occurs primarily
upon chronic exposures (You et al. 2018), the higher abundance
of EGFR in placental cells (Filla and Kaul 1997) may underline
the stronger response observed in hCTBs upon BPS exposure. A
similar inhibition of EGF internalization and EGFR phosphoryla-
tion has been reported for PCB-126, PCB-153, and trans-nona-
chlor in a human epidermoid carcinoma cell line (Hardesty et al.
2018) although their direct effect on placental syncytialization
has not been demonstrated. Internalized EGFR can be recycled or

undergo lysosomal degradation, making the study of EGFR inter-
nalization challenging. EGFR recycling appears to be the default
mechanism where endosomes are formed, and lysosomal degra-
dation is used to attenuate EGFR signaling (Roepstorff et al.
2008). Whether BPS alters how EGFR is internalized needs to be
further investigated. Reduced EGFR internalization can reduce
EGFR recycling back to the cell surface. This lack of recycling
may reduce the overall EGFR downstream signal, in turn com-
promising EGF-mediated processes in the placenta, such as
trophoblast syncytialization.

We have demonstrated that BPS blocks EGFR signaling in
human primary cytotrophoblast cells. This is critical because the
placenta is one of the tissues with the highest EGFR expression
(Filla and Kaul 1997) and, more importantly, EGF is required for
cytotrophoblast cell fusion (Filla and Kaul 1997). The fact that
BPS fully attenuated EGF-mediated fusion in primary hCTBs has
important implications in human pregnancies because pregnancy
complications such as preeclampsia and intrauterine growth
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restriction have been associated with impaired syncytialization
and reduced STB layer formation (Langbein et al. 2008). Given
that BPS is commonly used in the manufacturing of epoxy glues,
food can coatings, thermal receipt papers, textile dyes, and tanning
agents (Chen 2016), over 80% of the population is routinely
exposed to it (Liao et al. 2012a). The BPS concentration used in
this study is within the upper limit of the urinary BPS concentra-
tion range in the general U.S. population [0:07–211:9 ng=mL
(NHANES 2016)]. Information regarding circulating concentra-
tions of BPS in maternal blood, fetal, or placental tissues remains
scarce. Similar to BPA, BPS is likely to be two to three magni-
tudes lower in fetal and placental tissues compared with that at the
higher end of urinary concentrations (Lee et al. 2018). To note,
BPS is being used as a replacement chemical in thermal paper

(ECHA 2020), indicating that, like BPA (Hehn 2016) occupational
exposure levels to BPS will continue to increase (Ndaw et al.
2018) and likely surpass those currently observed for BPA (Hehn
2016). Our group has demonstrated that BPS exposures of as low
as 100 ng=mL BPS can alter gap junction intercellular communi-
cation in steroidogenic ovarian theca cells (Gingrich 2020).
Follow-up dose–response studies are necessary to determine the
effect of low-dose BPS exposure on EGFR phosphorylation and
downstream signaling.

Conclusion
To our knowledge, this is the first study to demonstrate that BPS
can act as a competitive antagonist to EGFR, blocking EGF
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Figure 9.Working model of the interference of BPS with the EGFR pathway. (A, Step 1) Upon EGF binding to EGFR on domains I and III, (Step 2) EGFR
autophosphorylates the tyrosine kinase domain, and (Step 3) recruits proteins at the intracellular portion of the receptors to enable EGFR/EGF endocytosis.
The internalized EGFR can be sorted both for recycling and for lysosomal degradation. (Step 4) Activation of EGFR pathway induces cell fusion in human
cytotrophoblasts. (B) In the presence of BPS, EGF is blocked from binding to EGFR, blocking EGFR phosphorylation and pathway activation. Note: BPS,
bisphenol S; EGF, epidermal growth factor; EGFR, EGF receptor; ERK, extracellular signal-regulated kinase; MEK, mitogen-activated protein kinase; RAF,
rapidly accelerated fibrosarcoma kinase; RAS, rat sarcoma signaling molecule.
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internalization and EGFR phosphorylation in human placental
cytotrophoblast and triple-negative breast cancer cell lines. This
effect was achieved at a dose within the range observed in human
urinary concentrations. Importantly, BPS can prevent EGF-
mediated cytrotrophoblast syncytialization. Given the role of
EGFR in placental development, including cytotrophoblast pro-
liferation, differentiation, and fusion, gestational BPS exposure
may result in placenta dysfunction.
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